A procedure of inverse dynamics was developed to adjust the body segmental parameter values to individual subjects. Newton's second law was utilized, which states that a resultant force vector (the sum of all forces acting on a rigid body) can be calculated from the mass of the body and the acceleration vector of the center of mass of the body. By comparing the measured resultant force and the calculated resultant force, it was possible to evaluate the errors that exist in body segmental parameter values. These errors were minimized through simulated annealing numerical optimization that searched for the optimal values of body segmental parameters. A three-dimensional neuromusculoskeletal model was used to generate error-free sets of kinematic and kinetic data. Two types of jumping motion, i.e., squat jumping and countermovement jumping, were generated through forward dynamic computer simulation. In the process of analysis, randomly generated errors were introduced into body segmental parameter values, i.e., the mass and the location of the center of mass of each segment. The procedure developed in this study successfully reduced the errors in those body segmental parameter values. The average error for the mass was 0.97% whereas the average error for the location of the center of mass was 6.04%.
Introduction
In inverse dynamics, locations of anatomical landmarks are obtained using photometric devices, electromagnetic devices or equivalent [Nigg and Herzog, (1994) ]. Appropriate filtering procedures are commonly applied to the kinematic data. The mass and the location of the center of mass of each segment are commonly estimated in reference to the standard anthropometric data sets [De Leva, (1996) ; Winter, (1990) ]. The second time derivative of the location of the center of mass is calculated to yield the acceleration vector of each rigid body segment. In human bipedal activities, there stands a relation where F is the ground reaction force (GRF) vector, j is the index to specify rigid bodies, n is the total number of rigid bodies in the whole body, and g is the gravity vector (directed downward). This relation means that it is possible to calculate the profile of the ground reaction force based on the kinematic data (a j ).
However, in ex perimen tal da ta a nalysis, more of ten than not, there is a discrepancy between the values of the ground reaction force vector. There are several potential explanations for this discrepancy: (1) errors in determining the location of the anatomical landmarks [Hinrichs and McLean, (1995) ], (2) effects of filtering [Vint and Hinrichs, (1996) ], (3) errors in the measurement of the ground reaction force [Vanrenterghem et al., (2001) ]. Errors in determining the location of the anatomical landmarks can be reduced through elaborate kinematic data collection [Alexander and Andriacchi, (2001) ]. Effects of filtering can be optimized using residual analysis with an appropriate selection of digital filter [Davy and Audu, (1987); Patriarco et al., (1981) ; Winter, 1990) ]. Accuracy of ground reaction force measurement can be improved through careful calibration of the force platform [Hall et al., (1996) ]. Another probable explanation for this discrepancy is (4) errors in anthropometric parameter values. As it is usually very timeconsuming to determine anthropometric parameter values of individual subjects accurately [Baca, (1996) ; Hatze, (1980) ], these parameter values are often estimated by scaling the published data [De Leva, (1996) ; Winter, (1990) ]. As the values thus obtained are scaled values instead of direct measurements from individual subjects, there is a possibility that this factor causes a substantial portion of the deviation between Fm and Fc.
It is possible to use (Eq. 1) in the inverse way, i.e., to search for the anthropometric parameter values of body segments assuming that Fm and Fc should exactly match. This can be performed through the procedure of numerical optimization w h i c h r e d u c e s t h e deviation between Fm and Fc by modifying the values of the body segmental parameters. The purpose o f t h i s s t u d y w a s t o develop a methodology that performs an adjustment of body segmental parameter v a l u e s f o r i n d i v i d u a l subjects.
Methods
A 3D musculoskeletal model of the human body was developed using DADS-3D (LMS CADSI, Coralville, Iowa, USA) (Figure 1) . The model consisted of nine rigid body segments connected with frictionless joints. Body segmental parameter values, such as length, mass, location of the center of mass of each segment, were derived from De Leva (1996) . The total number of degrees of freedom (DOF) of the model was 20. Eighty-six Hill-type lower extremity muscles (43 muscles in each leg) were implemented [Delp, (1990) ]. Bilateral symmetry was assumed. The muscle parameter values were derived from Friederich and Brand (1990) . The activation profile of each uscle was specified by the onset time, the offset time and the magnitude of activation [Nagano and Gerritsen, (2001) ]. The interaction between the foot segments and the ground was modeled similar to Anderson and Pandy (1999) . A full description of this model can be found elsewhere (Nagano et al., in press) . Two types of jumping motions were generated through forward dynamic computer simulation: squat jumping (SQJ) and countermovement Figure 1 The outline of the numerical optimization procedure of the body segmental parameter values performed in this study. The ground reaction force (GRF) profile was calculated from the kinematics and the body segmental parameter values (Fc, y), then compared with the error-free ground reaction force profile (Fm, y). The root mean squares (RMS) deviation between Fc, y and Fm, y was reduced through numerical optimization, in which the optimal set of body segmental parameter values was searched. (Figure 2) . The muscle activation input profiles were modified through numerical optimization [Bremermann, (1970) ] in which the jumping height was maximized (similar to Nagano and Gerritsen (2001)).
A s t h o s e m o t i o n s a r e computer-generated ones, exact p o s i t i o n s o f t h e a n a t o m i c a l landmarks were available: vertex, hip joint centers, knee joint centers, ankle joint centers, heel tips, metatarsophalangeal joint centers, and toe tips. These were used as the "known" variables. However, it was assumed that body segmental parameter values, i.e., the mass of each segment relative to the whole body mass (73.1 kg, De Leva (1996)) (in %) and the location of the center of mass of each segment relative to the anatomical landmarks (in %, in the proximal-distal direction), were regarded as "unknown". Initially, random values were assigned to these variables within the range between 50% and 150% of the actual model parameter values [De Leva, (1996) ; Table 1 ). The acceleration vector of the center of mass of each rigid body segment was calculated. Fc was calculated Figure 2 The jumping motions generated in this study, from the start of a motion through the take off. Optimal pattern of the muscular activation was searched using numerical optimization (Bremermann, 1970) . The jumping height was 0.281 m for the squat jumping and 0.283 m for the countermovement jumping. Table 1 The body segmental parameter values obtained through the numerical optimization. The mass is relative to the whole body mass, and the location of the center of mass is relative to the anatomical landmarks of each segment, measured in the proximal-distal direction. The body segmental parameter values reported by De Leva (1996) were implemented in the computer simulation model. The errors that initially existed in the body segmental parameter values (initial values are noted as "Initial") were reduced through the procedure of numerical optimization (obtained values are noted as "Solution"). The body segmental parameter values reported by De Leva (1996) are also presented. "∆" stands for the difference between the values presented in the "Solution" column and the "De Leva" column. "HAT" stands for the head-arms-trunk segment. "Error" stands for ∆ divided by the actual model parameter value (no units). http://www.soc.nii.ac.jp/jspe3/index.htm from (Eq. 1). As the vertical component has a dominant importance over the horizontal component, only the vertical component was extracted as Fc, y. As these motions are computer-generated ones, an errorfree data set of the ground reaction force profile is available (Fm). The vertical component was extracted as Fm, y. The root mean squares (RMS) deviation between Fc, y and Fm, y was calculated in both SQJ and CMJ between the start of a motion through the take off. This RMS value was minimized using the simulated annealing numerical optimization method [Press et al., (1988) ] in which the mass and the location of the center of mass of each segment were modified. In an ideal situation where there are no errors in body segmental parameter values, the values of Fc, y and Fm, y should exactly match. Therefore the value of the objective function became smaller as the magnitude of the errors in the body segmental parameter values were reduced.
Results
Initially a large deviation was observed between Fc, y and Fm, y (Figure 3) (RMS = 403.382 N) . After a convergence of the optimization process, the deviation became very small (Figure 3 ) (RMS = 2.139 N; 0.53% of the initial amount), to the level that is practically indistinguishable.
The computed body segmental parameter values were close to the actual model parameter values (Table 1) (average deviation of 0.97% and 6.04% for the mass and for the location of the center of mass of each segment, respectively).
Discussion
There are several potential sources of errors that contaminate experimental data in the field of biomechanics: (1) errors in determining the location of anatomical landmarks, (2) effects of filtering, (3) errors in measurement of the ground reaction force, etc. Above all, one of the most important ones seems to be (4) errors in the body segmental (anthropometric) parameter values. This is because it is usually either impossible or too time consuming to determine the body segmental parameter values of individual subjects accurately. Therefore the purpose of this current study was to develop a procedure to reduce the errors that exist in body segmental parameter values using numerical optimization. When using inverse dynamics, great care is taken to minimize the noise in the raw kinematic and kinetic data. The noise that still exists in the raw kinematic data are filtered using an optimal digital filter determined through residual analysis [Winter, (1990) ]. Forces acting on the body segments are calculated from the kinematic data [Nigg and Herzog, (1994) ]. The basic assumption underlying this approach is that body segmental parameter values are available. Typically, the anthropometric data reported in preceding studies [De Leva, (1996) ; Winter, (1990) ] are scaled to fit individual subjects. As these parameter values have a major influence on the output of inverse dynamic analysis, it is beneficial to further adjust these parameter values to fit individual subjects.
After the numerical optimization was performed, Fc, y became practically indistinguishable from Fm, y (Figure 3) . This is because the numerical optimization process successfully reduced the errors that initially existed in the body segmental parameter values. The same procedure can be performed under experimental settings. The GRF profiles can be obtained accurately with force platforms. The locations of anatomical landmarks can be determined and filtered with appropriate digital filters. The body segmental parameter values reported in preceding studies can be used to calculate Fc, y. The deviation between Fc, y and Fm, y can be minimized by modifying the values of body segmental parameters through numerical optimization. This methodology can be performed as a part of preparation that precedes the main data collection. After this procedure, the main part of data collection and analysis can be performed to accomplish the goal of each study (e.g., walking, running, hopping etc.).
It requires a great amount of time and specialized instrumentation to determine the body segmental parameter values of individual subjects [Baca, (1996); Hatze, (1980) ]. Typically the procedures start with splitting the whole body into multiple segments. The three-dimensional configuration of each segment is determined, and the body segmental parameter values are estimated referring to the density data of human body tissues. The procedure reported in this current study has an advantage of being able to adjust the body segmental parameter values to individual subjects through simple and less time-consuming data treatments.
In this study, the convergence of the optimized body segmental parameter values to the actual model parameter values was better for larger segments than for smaller segments ( Table 1) . This is because smaller segments make smaller contributions to the GRF profiles than larger segments do. Therefore, the numerical optimization was less successful in determining the body segmental parameter values of smaller segments. A relatively large deviation was observed between the optimized results and the model parameter values for the location of the center of mass of each segment (average 6.04 %). This finding was consistent with a preceding study which reported that the output of inverse dynamic analysis is not very sensitive to the location of the center of mass of body segments [Nagano et al., (2000) ]. This implies that it is difficult to estimate the location of the center of mass of each segment more accurately utilizing this methodology. In Nagano et al. (2000) , it was reported that 10% of error in the location of the center of mass of body segments resulted in up to 6% of error (maximum error) in the inverse dynamic analysis. Therefore the average 6.04 % of error in the location of the center of mass of body segments obtained in this study will result in less than 4 % of error in the output of the inverse dynamic analysis. When this error expectation is acceptable, or when dealing with subject populations for which standard sets of body segmental parameter values are difficult to obtain (e.g., children [Jensen, (1989) ]), elderly people, athletes with an extreme body proportion, etc.), this methodology will be useful. When more accurate (<5 %) estimation of the location of the center of mass of each segment is required, the use of other methodologies may be suggested [Hatze, (1980) ]. http://www.soc.nii.ac.jp/jspe3/index.htm
The calculated and measured values of the ground reaction force utilized in this study should exactly match when there are no errors in the body segmental parameter values. In this study, although the errors in the body segmental parameter values were reduced to small amounts, the errors could not be completely eliminated (Table 1) . This was caused from the nature of the numerical optimization procedure utilized in this study. The algorithm of numerical optimization utilized in this study (simulated annealing method) performs a nonlinear random search for the optimal solution. Whenever utilizing this type of methodology, there is always a risk of running into a local minimum instead of reaching the global minimum. This phenomenon was observed in this study. However, it is suggested that the solution obtained in this study is close to the global minimum, as the value of the objective function was reduced to a very small magnitude (from an initial value of 403.382 N to 2.139 N). Considering that the procedure of numerical optimization was started from a set of randomly generated initial guesses ( Table 1, Figure 3 ), this much of convergence of the parameter values is noteworthy. Although some errors have to be expected in the obtained solution (Table 1) , this methodology outputs a set of body segmental parameter values even for subject populations for which no standard sets of parameter values are available.
The mass and the location of the center of mass of each segment were estimated in this study. These variables can be estimated by investigating the translational motions of the body. Another inertial parameter, the moment of inertia of segments, can be calculated in a similar manner when rotational dynamic equations of motion are developed [Yamaguchi, (2001) ]. The mass and the location of the center of mass of each segment determined through investigating the translational motion can be inputted into the rotational dynamic equations of motion, from which the values of moment of inertia can be calculated using an optimization approach.
To summarize, a convenient approach for adjusting body segmental parameter values to individual subjects was reported in this study. This approach is simple, straightforward, and is capable of producing a set of realistic body segmental parameter values. It is suggested that this procedure be performed when utilizing inverse dynamics.
